[1] The atmospheric mixing ratios of ethane and its stable carbon isotope ratios (d 13 C) were measured over the North Pacific (2°N to 38°N, 140°E to 90°W) during oceanographic cruises in summer and autumn. The measured mixing ratios were relatively low (mostly <1 ppbv) over the North Pacific, whereas elevated ethane levels (>1 ppbv) were observed over the western North Pacific near Japan, with lower d
Introduction
[2] Ethane, the second most abundant hydrocarbon in the remote atmosphere after methane, acts as a precursor of ozone and other photochemical oxidants (e.g., acetaldehyde and peroxyacetyl nitrate) through photochemical degradation, mainly by OH radicals. The atmospheric lifetime of ethane (∼2 months [Rudolph, 1995] ) is long enough for it to undergo long-range transport from source regions to remote areas but short enough for ethane mixing ratios to vary substantially both spatially and temporally. The mixing ratios of ethane, in combination with those of other nonmethane hydrocarbons, are therefore useful indicators of atmospheric oxidation and transport processes on regional, hemispheric, and global scales [Blake et al., 1996a; Goldstein et al., 1995; Helmig et al., 2008; Parrish et al., 1992] . Ethane can also be used as a unique tracer that provides constraints on the fossil fuel sources of methane [Xiao et al., 2008] .
[3] Stable carbon isotope ratio (d 13 C) measurements of ethane can provide additional insight into its sources, sinks, and distributions in the atmosphere. Although the number of such studies is still quite limited [e.g., Nara et al., 2007; Rudolph et al., 1997; Tsunogai et al., 1999] , a few studies [Saito et al., 2002 [Saito et al., , 2009 have shown that atmospheric d 13 C measurements of ethane can be used to estimate the extent of photochemical aging within the theoretical framework of the "isotopic hydrocarbon clock" [Rudolph and Czuba, 2000] . Another approach to the interpretation of d 13 C observations is to use a numerical model. Volatile organic compounds (VOCs), which have relatively long lifetimes (approximately >1 year) and are well mixed in the atmosphere, allow the use of a simple isotope mass balance model to constrain the atmospheric budget [Bill et al., 2004; Keppler et al., 2005; Saito and Yokouchi, 2008; Thompson et al., 2002] . In contrast, more reactive VOCs, such as ethane, require an isotopeinclusive global chemical transport model.
[4] Thompson et al. [2003] have developed such a global chemical transport model for ethane and benzene; their model treats the emissions and chemistry simply by using a uniform stable carbon isotope ratio for all sources and a prescribed OH radical concentration. A more comprehensive model with source-specific isotope ratios of ethane and detailed model chemistry has been presented by Stein and Rudolph [2007] . These studies have demonstrated that comparison of atmospheric d 13 C measurements with estimates from a chemical transport model can provide a useful test of our understanding of the emissions, atmospheric transport processes, and chemical reactions of VOCs. However, to our knowledge, no study has directly compared the ambient d 13 C measurements and model results corresponding to the temporal and spatial observations for specific years.
[5] Here, we present stable carbon isotope measurements of ethane in the marine atmosphere during two oceanographic cruises over the North Pacific. We compare these with the results from a three-dimensional chemical transport model, and we discuss the factors controlling the d 13 C of ethane in the background marine atmosphere.
Experimental Procedure
[6] Eighty-eight air samples were collected over the North Pacific during two cruises: (1) the trans-Pacific cruise of R/V Shoyo-maru (Japan Fisheries Agency) between Japan and Mexico in September-October 1999 (40 samples, 2°N to 35°N, 145°E to 90°W) and (2) the western North Pacific cruise of R/V Mirai (Japan Marine Science and Technology) in June-July 2000 (48 samples, 7°N to 38°N, 140°E to 142°E). Air samples were taken on the front of the upper deck using pre-evacuated 6 L fused-silica-lined stainless steel canisters (Silico-can, Restek Co., Ltd.), which were kept until the end of the cruises before being transported to the laboratory for the analysis.
[7] Stable carbon isotope ratios of ethane were measured with a cryogenic vacuum extraction line and by gas chromatography -combustion -isotope ratio mass spectrometry (GC-C-IRMS) in accordance with the method of Rudolph et al. [1997] . Details of the experimental setup have been documented by Tsunogai et al. [1999] . Briefly, each air sample (approximately 6 L) was condensed in a three-stage preconcentration process in a bath of liquid N 2 . During the procedure, bulk air gases (mostly N 2 and O 2 ), water vapor, and CO 2 were removed. The purified air sample including ethane was then introduced to the gas chromatograph equipped with a PoraPLOT-Q capillary column (25 m long × 0.32 mm internal diameter) after a cryofocusing of ethane and other hydrocarbons at liquid N 2 temperature at the head of the capillary column. The stable carbon isotope ratios of the ethane were measured by IRMS (Finnigan MAT 252) in continuous flow mode, following combustion of the ethane to CO 2 .
[8] The accuracy of the isotopic measurements was estimated to be better than 0.3‰ versus Peedee belemnite (PDB) by the measurement of a U.S. National Institute of Standards and Technology RM 8560 (International Atomic Energy Agency (IAEA) NGS2) isotopic standard. The reproducibilities derived from repeated analyses of a working standard were less than 0.5‰ for GC injection of >200 pmol C, <1.5‰ for 80 to 200 pmol C, and <2‰ for 30 to 80 pmol C. The working standard, containing 1-10 ppmv hydrocarbons, was made from the ambient air in our laboratory. Calibrations of the measurement system were also performed with diluted standard down to levels of 100 pptv, and the results were consistent with those obtained from the working standard gas. The mixing ratio of ethane was calculated by comparing the peak area of 44 CO 2 (m/z 44) with that of a calibrated amount of working standard gas mixture. The reproducibility of the concentration measurements was better than 10%. We do not report on nonmethane hydrocarbons other than ethane, due to the large uncertainties (>±4‰) caused by low mixing ratios.
Results and Discussion

Horizontal Variations in Ethane Mixing Ratios and d
13 C
[9] Measurements of atmospheric ethane showed relatively low mixing ratios (mostly below 1 ppbv) over the North Pacific, whereas mixing ratios higher than 1 ppbv were observed over the western North Pacific near Japan (Figure 1 ). The elevated ethane levels were attributed to recent inputs of terrestrial ethane into the air masses, because back trajectories showed that the air masses in question had passed over Japan in the previous 5 days ( Figure 2 ). The back trajectories also showed that the air samples with low ethane mixing ratios (<1 ppbv) were part of pristine maritime air masses transported by trade winds: northeasterly to the north and southeasterly to the south of the Intertropical Convergence Zone (ITCZ), which locates at about 10°N. The mean mixing ratios for both cruises (0.45 ± 0.23 ppbv) were comparable to those previously reported for the North Pacific in summer-autumn, namely 0.76 ± 0.41 pptv during the Pacific Exploratory Mission over the western Pacific (PEM-West A) (<2 km altitude) [Blake et al., 1996b] , and 0.5 to 0.7 ppbv at Hawaii and about 0.3 ppbv for the equatorial western Pacific [Blake, 2005] ; the data for ethane mixing ratios have been compiled by Xiao et al. [2008] .
[10] The stable carbon isotope ratios of ethane ranged from −16.0‰ to −25.4‰, with a mean of −20.1‰ (±2.3‰) over both cruises. The d
13 C values during the western North Pacific cruise were generally higher than those during the trans-Pacific cruise in similar latitudes. Because the mean OH radical concentrations were likely to have been similar during the two cruises [Spivakovsky et al., 2000] , the high 13 C enrichment of ethane over the low latitudinal western North Pacific (7°N-35°N) suggests that the air masses over this region had been transported for a longer time than those over the central and the equatorial eastern Pacific. This is consistent with the fact that the low-latitudinal western North Pacific is far away from potential upwind source regions (e.g., North and South America) than the central and the equatorial eastern Pacific (see Figure 2) .
[11] We compared our results during the western North Pacific cruise with those obtained in previous studies in similar regions. Our result for mixing ratio (0.40 ± 0.13 ppbv) was lower than those of the previous studies; 1.02 ± 0.46 ppbv (6°N-35°N [Tsunogai et al., 1999] ) and 0.80 ± 0.57 ppbv (2°N-31°N [Nara et al., 2007] ), while the d 13 C value in this study (−19.1‰ ± 2.3‰) was higher than the previous studies; −24.4‰ ± 2.0‰ [Tsunogai et al., 1999] and −23.7‰ ± 2.4‰ [Nara et al., 2007] . In the remote areas, mixing ratios and d 13 C of ethane are largely controlled by photochemical degradation of ethane mainly by OH radicals. Thus, these differences likely reflect seasonal variations in ethane, with lower mixing ratios and higher d 13 C values in summerautumn (this study) than in winter (the previous studies), largely because of seasonal variation in OH radical concentrations (low in winter and high in summer) [Spivakovsky et al., 2000] . In addition, these differences are likely related to seasonal changes in the prevailing winds. Air masses transported by the northeasterly winds in summer-autumn travel over remote oceans and are not influenced by recent terrestrial emissions [e.g., Blake et al., 1996b; Saito et al., 2004] , whereas westerly winds in winter-spring could transport pollution from East or Southeast Asia [e.g., Blake et al., 1997; Saito et al., 2000 Saito et al., , 2009 .
[12] We examined a relation between the mixing ratios of ethane and d
13 C values for the two cruises (Figure 3 ). The increase in d 13 C with decreasing mixing ratio is consistent with positive isotopic fractionation during the removal of ethane, mainly due to OH radicals, in the atmosphere (kinetic isotope effect; KIE). However, the slopes of least squares fit lines for the measurements (apparent KIE, " app = 5.4‰ ± 0.7‰ for the western North Pacific cruise and " app = 2.9‰ ± 1.9‰ for the trans-Pacific cruise) were smaller than those obtained for the reaction with OH radicals in a laboratory (KIE OH , " OH = 8.57‰ ± 1.95‰ [Anderson et al., 2004] ). To our knowledge, all previous studies on ambient d 13 C measurement of ethane have also reported lower apparent KIEs than the laboratory-determined KIE OH ; " app = 3‰ ± 1‰ [Tsunogai et al., 1999] , " app = 5.5‰ ± 1.3‰ [Saito et al., 2002] , " app = 3.3‰ ± 1.7‰ [Nara et al., 2007] , " app = 2.8‰ ± 0.6‰ [Saito et al., 2009] . Because atmospheric mixing or dilution causes a more pronounced change in the mixing ratio than in the d 13 C, the lower apparent KIEs might be due partly to mixing or dilution processes. In section 3.2, we discuss another possible implication of these lower apparent KIEs: overestimation of KIE OH . 
Comparison of the Observations With Model Calculations
[13] The observed variabilities of atmospheric ethane and its d 13 C were compared with the results of a global threedimensional chemical transport model, MOZART-3 (Model for Ozone and Related Tracers, version 3). Technical details of the model have been reported by Kinnison et al. [2007] , and details of its application to stable carbon isotope ratios of ethane have been reported by Stein and Rudolph [2007] . Briefly, the model included chemistry and transport as well as sources and sinks for 115 chemical tracers involved in 315 chemical reactions. It was driven by meteorological fields from the European Centre for Medium-Range Weather Forecasts for 1999 and 2000. Model resolution was 1.875°× 1.875°with 60 vertical levels from the surface to 0.1 hPa; ethane fields were output every three simulation hours. The ethane emission data, except those from biomass burning, were from the work of Stein and Rudolph [2007] , which in turn used emission inventory data based on the Emission Database for Global Atmospheric Research, version 2.0 (EDGAR) [Olivier et al., 1996] . Emissions of ethane from biomass burning were based on the Global Fire Emissions Database, version 2 (GFEDv2) [van der Werf et al., 2006] . Most of the source-specific isotope ratios of ethane used here were identical to those in the work of Stein and Rudolph [2007] , whereas the isotopic signature of ethane emitted from the ocean was changed from −22‰ to −40‰ in accordance with recent observations in the western North Pacific [Kameyama et al., 2009] . Table 1 summarizes the emission strengths and source-specific stable carbon isotope ratios that we used. Simulations of ethane were performed separately for two isotopologues, 12 C 2 H 6 and 13 C 2 H 6 . These isotopologues behave identically to each other, except for a slight difference in the rate constant of the reaction with OH radicals due to the KIE OH (" OH = 8.57‰ ± 1.95‰ [Anderson et al., 2004] ).
[14] We calculated the mixing ratios of ethane and its d 13 C values in the global atmosphere, and present their spatial and temporal distributions near the surface over the North Pacific in Figure 4 . The model calculations describe reasonably well the main features of the spatial variability of ethane; e.g., the calculated mixing ratios and d
13 C values were high and low, respectively, over urban regions in the mid latitudes, while low and high over the remote North Pacific. The modeled mixing ratios with locations and times corresponding to the shipboard samples were extracted from the model output fields and compared with the observations (Figure 5a) . The model reproduced the spatial distribution patterns of ethane reasonably (R 2 = 0.46), but the observed values of the mixing ratios were approximately 1.8 times larger than the absolute values in the model. This discrepancy was likely due to the underestimation of emission strengths in the model, because the total emission strength (8.45 Tg yr −1 in 1999 and 7.85 Tg yr −1 in 2000) used in our study was substantially lower than top-down estimates of global ethane sources (15.5 Tg yr −1 [Rudolph, 1995] ; 13.0 Tg yr −1 [Xiao et al., 2008] ). Underestimation by the models based on EDGAR V2.0 is consistent with the results of previous studies [e.g., Stein and Rudolph, 2007; Thompson et al., 2003] .
[15] In contrast to the underestimation of mixing ratios, MOZART-3 predicted higher d 13 C than the observations: the calculated values were mostly above −17‰ over the lowlatitudinal (0°N to 30°N) North Pacific (Figures 4c and 4d) , whereas the observations ranged from −16‰ to −21‰ (Figure 1 and Figure 5b ). To interpret this difference, it should be noted that the calculated d
13 C values were associated with uncertainties arising from (1) the model chemistry (removal of ethane by OH radicals), (2) transport, (3) the distribution of emission sources, (4) the source-specific isotope ratios, and (5) the KIE OH . Among these, the first three uncertainties would affect both mixing ratio and d 13 C, whereas the last two uncertainties affect only d 13 C [ Thompson et al., 2003 ]. Although the model did not reproduce the absolute values of the observed mixing ratios as discussed above, it did reproduce the distribution patterns. The uncertainties in the chemistry, transport, and distribution of emission sources are therefore likely to be reasonably small. Although the total emission strength was too low, its uncertainties would not have affected the calculated d 13 C [Thompson et al., 2003] .
[16] The uncertainties associated with the source-specific isotope ratios are difficult to quantify because of the limited number of relevant studies. The most important sources, such as leakage of natural gas or biomass burning of C3 plants, have d
13 C values of ethane of around −27‰ (Table 1) . The model predicted similar values over the source regions (e.g., urban areas in East Asia), being consistent with ambient d 13 C measurements made near the regions [Saito et al., 2009; Tsunogai et al., 1999] . Sources that have quite different d 13 C signatures are biomass burning of C4 plants (−13‰) and oceanic emissions (−40‰) ( Table 1 ). C4 plant burning yields relatively small emissions on a global scale, and its major source regions (e.g., tropical Africa; see Stein and Rudolph [2007] , Figure 1 ) are far from the studied regions, so the impact of the uncertainty of this factor on the calculated d 13 C would have been relatively small. The emission strength of the oceanic source is negligibly small on a global scale (∼1% of the total; see Table 1 ). However, this source may be important in the remote marine atmosphere, which we studied here. To assess this possibility, we estimated the contribution of oceanic emissions by using a simple model with reported values for sea-to-air flux (0.15 ± 0.12 × 10 8 molecules cm Plass-Dülmer et al., 1995] ) of ethane into a boundary layer (height of 1 km) and for removal by OH radicals (k OH = 1.3 × 10 7 cm −3 [Atkinson, 1997] ). The mixing ratio of ethane emitted from oceanic sources was thus estimated to be 0.018 ± 0.015 ppbv, accounting for only 4 ± 3% of the observed mean mixing ratios. Assuming the uncertainty range of d 13 C in the oceanic source to be ∼10‰ [Kameyama et al., 2009] , the resulting change in the atmospheric d 13 C of ethane would be ∼0.5‰, which is comparable to the measurement uncertainty. Therefore, it is unlikely that the uncertainty of this source has a major impact on the atmospheric d 13 C of ethane.
[17] The uncertainty in KIE OH for ethane has been reported to be larger than those for the other alkanes [Anderson et al., 2004] . If we were to use the lowest value (5.26‰) of the reported KIE OH within the 95% confidence interval, instead of the mean value (8.57‰), the calculated d
13 C values of ethane would decrease down to −16‰ to −21‰ over the low latitudes (0°N to 30°N) in the North Pacific with a gradual increase from the north to south (Figures 4e and 4f) . The recalculated d
13
C values were much closer to the observations (Figure 5c ). The strong impact of the change in KIE OH could be attributed to the fact that chemical removal of ethane is the most important factor governing the observed d 13 C variability over the remote areas in summer-autumn, which is characterized by high OH radical concentrations. Although OH oxidation is generally thought to dominate the atmospheric removal of ethane, some papers have presented a significant role for chlorine atoms in the marine boundary layer [e.g., Pszenny et al., 2007] ; this role was not taken into account in our model. However, KIE in the reaction with Cl atoms [Anderson et al., 2007] is larger than KIE OH (i.e., leading to a higher ambient d 13 C than does OH oxidation alone), and thus this loss would not explain the model overestimation of d 13 C. Further, it should be noted that the model shows much higher values for low isotope ratio data (Figure 5c ), indicating the uncertainty in KIE OH is not the only source of the discrepancy.
Conclusions
[18] The successful modeling with low KIE OH suggested that the laboratory experiment overestimated KIE OH by about 3‰, accounting for approximately 40% of the mean KIE OH , although the value was still within the uncertainty. This might support our previous finding [Saito et al., 2009] of similar photochemical ages of ethane and acetylene over east Asia, despite the fact that the atmospheric lifetime of ethane is three times that of acetylene; overestimation of the reported KIE OH might have caused the similarities in age. However, we emphasize that the above implication is associated with considerable potential uncertainty because (1) it is based on a comparison between limited numbers of atmospheric measurements and the modeling and (2) an unidentified substantial source of ethane might have an impact on the atmospheric d 13 C of ethane. For a more accurate estimate of KIE OH , more reliable laboratory experiments on the reaction of ethane with OH radicals are essential. Figure 5 . Correlations between model results and observations of ethane for (a) mixing ratios and (b, c) stable carbon isotope ratios. The calculations were made with a KIE of 8.57‰ (Figure 5b ) and 5.26‰ (Figure 5c ).
